We evaluated 41 Capsicum accessions collected in Myanmar for resistance to bacterial wilt and Phytophthora blight. Eighteen accessions were highly resistant to bacterial wilt. They consisted of 11 C. annuum, 6 C. frutescens, and 1 C. chinense, and had a wide range of fruit sizes and shapes. Seventeen were moderately resistant. On the other hand, only 1 accession was highly resistant to Phytophthora blight, and all other accessions were susceptible. These results indicate the existence of a range of materials in Myanmar that are highly resistant to bacterial wilt, but few accessions that are resistant to Phytophthora blight. The accession that was highly resistant to Phytophthora blight was also classified as moderately resistant to bacterial wilt, and will therefore be a useful genetic resource in breeding to produce combined resistance to both diseases.
Introduction
A collaborative mission to explore and collect vegetable genetic resources in Myanmar (Burma) was conducted in 2005 (Saito et al., 2006) . During this mission, 41 Capsicum accessions were collected. In Southeast Asia, a range of Capsicum landraces are grown (Matsunaga et al., 2010b; Yamamoto and Nawata, 2005; Yoshida et al., 1997) , so these accessions included a wide range of morphological diversity (Saito et al., 2006) ; therefore, we also expected to find a wide range of genetic diversity. This diversity is important because of the severity of certain diseases that affect Capsicum species around the world.
For example, bacterial wilt caused by Ralstonia solanacearum (Smith, 1896) Yabuuchi et al. 1996 is the most devastating soilborne disease of solanaceous crops such as tomatoes, eggplants, and peppers (Kelman, 1953) . Since attempts at chemical, physical, and cultural control have had little success, resistant cultivars appear to offer the most effective alternative. In Japan, the disease causes heavy losses in tomato and eggplant production; therefore, resistant rootstock cultivars have been used to avoid infection in affected fields. On the other hand, there have been few reports of bacterial wilt damage in sweet pepper production areas, as Japanese sweet pepper cultivars are resistant to bacterial wilt (Matsunaga and Monma, 1999) ; however, the resistant cultivars have recently been infected by bacterial wilt, possibly as a result of the evolution of new races of R. solanacearum. Therefore, it has become necessary to develop new resistant cultivars. To breed such cultivars, it will be necessary to screen a range of accessions for highly resistant breeding materials. Phytophthora blight, caused by Phytophthora capsici Leonian, is another devastating soilborne disease of Capsicum crops (Babu et al., 2011; Yoon et al., 1989) . Several resistant lines have been found (Kimble and Grogan, 1960; Lefebvre and Palloix, 1996; Ortega et al., 1991; Yamakawa et al., 1979) . In Japan, the resistant cultivars 'Beruhomare' (Kobayashi et al., 1984) and 'Bellmasari' (Yanokuchi et al., 1993) have been developed; however, both cultivars have recently been infected by Phytophthora blight. It is therefore necessary to breed new resistant cultivars, and again, it is desirable to find new resistant breeding materials to support these efforts.
Therefore, to find new materials that are resistant to one or both diseases, we evaluated the resistance of Myanmar pepper accessions to bacterial wilt and Phytophthora blight. In addition, we evaluated the characteristics of the accessions and clarified their species.
Materials and Methods

Evaluation of resistance to bacterial wilt
We used 41 pepper accessions collected in Myanmar in bacterial wilt resistance tests; with LS2341 and 'MieMidori', both maintained at the National Institute of Vegetable and Tea Science (NIVTS), as highly resistant control cultivars; 'Pant C-1' (maintained at NIVTS) and 'Bellmasari' (Nagano Foundation Seed Center, Nagano, Japan) as moderately resistant control cultivars; and 'Ace' (Takii Co., Ltd., Kyoto, Japan) and SCM334 (maintained at NIVTS) as susceptible control cultivars.
Ralstonia solanacearum, isolated from a diseased sweet pepper plant in an infected field at NIVTS, was streaked on a tetrazolium chloride medium (Kelman, 1954) and incubated at 31°C for 48 h. Virulent colonies (fluidal, white colonies with a pink center; Kelman, 1954) were transferred into Wakimoto liquid medium (Wakimoto, 1962) and cultured at 31°C with constant shaking for 48 h. The inoculum suspension was diluted with tap water to 10% of the original concentration, giving bacterial concentrations of 4.0 × 10 8 cells/mL. We evaluated disease resistance in 2008 and 2010 . On April 7, 2008 , seeds were sown in sterilized soil in flats and germinated in a greenhouse. On May 1, seedlings were transplanted into 10.5-cm-diameter plastic pots and grown in the greenhouse. On June 6, 10 seedlings in each accession were then transplanted into a field at NIVTS infected with R. solanacearum. Plant spacing was 30 cm in rows 1.2 m apart. On July 4, after part of the root system was cut with a sickle to facilitate infection, 50 mL of the inoculum was poured into the soil around the base of each plant. On September 14, each plant was scored for bacterial wilt symptoms to evaluate resistance. The level of resistance (disease index, DI) was scored as follows: 0 = symptomless; 1 = wilting of part of the leaves; 2 = wilting of almost all leaves; 3 = wilting of all leaves; 4 = death of the plant.
In 2010, we performed a similar test, with the following exceptions: seeds were sown on April 6, seedlings were transplanted into pots on April 27, seedlings were transplanted into the infected field on June 2, inoculum was applied on July 20, and the resistance of each plant was evaluated on September 29.
Evaluation of resistance to Phytophthora blight
We used the same 41 pepper accessions collected in Myanmar in the Phytophthora blight resistance test, with SCM334 and AC2258 (maintained at NIVTS) as highly resistant control cultivars, No. 10 (maintained at NIVTS) as a moderately resistant control cultivar, and 'Ace' as a susceptible control cultivar.
The P. capsici inoculum suspension was prepared according to the method described by Sugita et al. (2006) and Ueeda et al. (2006) , with a minor modification. Strains of P. capsici maintained by NIVTS were grown on V8 juice medium in 90-mm Petri dishes. The dishes were sealed with Parafilm (American National Can, Chicago, USA) and incubated in the dark at 28°C for 7 days. Thereafter, the Parafilm was removed and the strains were further incubated under fluorescent light at 28°C for 3 days. After incubation, we poured 10 mL distilled water into the Petri dishes and gently collected the zoosporangia with a paintbrush. The zoosporangia were then incubated at 4°C for 1 h and then at 25°C for 3 h. The concentrations of zoosporangia were adjusted to 2.0 × 10 4 /mL with distilled water. Evaluation tests were carried out in 2008 and 2010. In 2008, seeds were sown on September 25, in sterilized soil in flats and germinated in a greenhouse. On October 23, seedlings were excavated, and their roots were washed and then dipped into the inoculum suspensions of P. capsici for 1 min. After inoculation, 20 seedlings in each accession were transplanted into flats in a controlled-environment system (OMY-4EB, OzawaSeisakusho, Kyoto, Japan) filled with sterilized soil in a glasshouse. Soil temperature was maintained at about 28°C, and the air temperature in the glasshouse was kept above 10°C. For the evaluation of resistance, each plant was scored for Phytophthora blight symptoms on November 13. Resistance (DI) was scored as follows: 0 = symptomless; 1 = wilting; 2 = death.
In 2010, a similar test was performed, with the following exceptions: seeds were sown on September 6, seedlings were excavated and inoculated on October 1, and resistance was evaluated on October 21.
Evaluations of accession characteristics
We used the same 41 pepper accessions to determine the accession characteristics, but added 'Hon Takanotsume' (maintained at NIVTS), 'Kyo-Midori' (Takii Co., Ltd.), 'Beruhomare' (Nagano Foundation Seed Center), and 'California Wonder' (maintained at NIVTS).
We evaluated 25 of the 41 accessions in 2006 and the remaining 16 in 2007; the same control cultivars were used in both tests. In 2006, seeds were sown in sterilized soil in flats on March 14 and germinated in a greenhouse. On April 6, the seedlings were transplanted into 10.5-cm-diameter plastic pots and grown in a greenhouse. On May 8, five seedlings in each accession were then transplanted into the field at NIVTS. Plant spacing was 30 cm in rows 1.2 m apart. In 2007, the process was similar, but seeds were sown on March 15.
We evaluated flower color, immature fruit color, pedicel orientation, fruit length, fruit diameter, mature fruit color, fruit shape, and the species of each accession. Flower color, immature fruit color, pedicel orientation, and mature fruit color of five plants were recorded, and the length and diameter of five mature fruits of each accession were measured. Fruit length was measured between the highest parts of the fruit's shoulder to the bottom, and fruit diameter was measured at the widest part of the fruit. Fruit shapes were classified as follows:
1, small and cylindrical (like a Tabasco pepper); 2, small and pear-shaped; 3, long and cylindrical; 4, slender and conical; 5, oblate; 6, long, thick, and conical; 7, trapezoidal; 8, bell-shaped; and 9, flattened. We defined the species of each accession according to the specifications of IBPGR (1983) .
Results
Evaluation of resistance to bacterial wilt
In 2008, 22 accessions showed no symptoms (DI = 0), and the mean DI of 15 other accessions ranged from 0.1 to 2.0; the mean DI values of the remaining 4 accessions were >2.0 (Table 1 ). In 2010, 23 accessions showed no symptoms, and the mean DI of 12 accessions ranged from 0.1 to 2.0; the mean DI values of the remaining 6 accessions were >2.0. In the control cultivars, the DIs of the moderately resistant cultivars 'Pant C-1' and 'Bellmasari' were greater in 2010 than in 2008, increasing from 1.9 to 3.0 and from 0.9 to 3.6, respectively (i.e., damage levels increased). Four accessions had a difference of ≥1.0 DI between 2008 and 2010: CM2M-22, CM2M-54, CM2M-123, and CM2M-124. All of these accessions had a higher DI in 2010 than in 2008, as was the case for 'Pant C-1' and 'Bellmasari'. This suggests that the disease severity was greater in 2010 than in 2008, although most accessions showed a similar degree of resistance to bacterial wilt in both tests. We classified the accessions into the following categories based on their DIs: highly resistant, with DI = 0.0 (no symptoms) in both tests; susceptible, with DI ≥ 2.0 in either test; and moderately resistant, with DI intermediate between the highly resistant and susceptible groups. On this basis, 18 accessions were highly resistant, 17 were moderately resistant, and 6 were susceptible to bacterial wilt.
Evaluation of resistance to Phytophthora blight
In the 2008 test, all accessions showed at least some wilting ( Table 2 ). The mean DI of 5 accessions ranged from 0.1 to 1.0, and the mean DI values of the other 36 accessions were all >1.0. In the 2010 test, all accessions again showed at least some wilting, and the DI of only 2 accessions ranged from 0.1 to 1.0; the DI values of the other 39 accessions were all >1.0. The DI values of the 4 control cultivars did not change between 2008 and 2010; however, most of the Myanmar accessions showed a slightly increased DI in 2010, which suggests that the disease severity was slightly higher in 2010. We classified the accessions into the following categories based on their DI values: highly resistant, DI ≤ 0.5 in both tests; susceptible, DI ≥ 1.0 in either test; and moderately resistant, DI intermediate between highly resistant and susceptible. On this basis, only one accession, CM2M-54, was highly resistant, and the other 40 were susceptible to Phytophthora blight.
Evaluation of accession characteristics
In the control cultivars, most characteristics were similar in 2006 and 2007 (Table 3 ). This suggests that these cultivars exhibit stable growth characteristics that differ little between years.
In flower color, 21 accessions were white, 19 were greenish white, and 1 was light purple. In immature fruit color, 25 accessions were green, 13 were light green, 2 were dark green, and 1 was purple. In pedicel orientation, 23 accessions were pendant, 17 were erect, and 1 was intermediate. In fruit length, 17 accessions were ≤40 mm, 23 were 40-100 mm, and 1 was >100 mm. In fruit diameter, 14 accessions were ≤10 mm, 21 were 10-20 mm, and 6 were >20 mm. The mature fruit of all accessions was red. In fruit shape, 15 accessions were small and cylindrical, 3 were long and cylindrical, 6 were slender and conical, 2 were oblate, 14 were long and thick and conical, and 1 was bell-shaped. In species, 22 accessions were C. annuum, 17 were C. frutescens, and 2 were C. chinense.
Discussion
Several sources of resistance to bacterial wilt in Capsicum peppers have been identified (Jyothi et al., 1993; Lafortune et al., 2005; Matsunaga and Monma, 1999; Mimura et al., 2009; Perera et al., 1992; Peter et al., 1984; Singh and Sood, 2004; Wang and Berke, 1997; Yazawa et al., 1980) . Many of these resources were of Asian origin, and especially of Southeast Asian origin. In this study, we found 18 new accessions highly resistant to bacterial wilt and 17 moderately resistant among the 41 tested accessions. This result suggests that resistant accessions are fairly common in Myanmar. This result agrees with that of Mimura et al. (2009) , who described Southeast Asia as an important source of pepper germplasms that are resistant to bacterial wilt.
Some Japanese sweet pepper cultivars resist bacterial wilt, and this resistance is believed to have been derived from 'Mie-Midori' (Matsunaga and Monma, 1999) ; however, some highly virulent strains of R. solanacearum have recently been reported in Japan, and were able to infect the current resistant cultivars (Mimura et al., 2009) . Therefore, to breed new resistant cultivars, it will be important to screen other accessions that have not been extensively used in the breeding of the current resistant cultivars. Mimura et al. (2009) reported that LS2341 had higher resistance than 'MieMidori'. 'Dai-Power', which we bred as a rootstock in our previous research, also showed higher resistance (Matsunaga et al., 2010a) . Thus, LS2341 and 'DaiPower' have become important candidate breeding materials. Here, LS2341 and 'Mie-Midori' were both classified as highly resistant, so it was not clear whether the resistant accessions we found will prove to be efficient materials for developing new highly resistant cultivars; therefore, it will be necessary to screen these cultivars using highly virulent strains that make LG, light green; G, green; DG, dark green; P, purple. v average ± SE (n = 5). u 1, small and cylindrical; 2, small and pear-shaped; 3, long and cylindrical; 4, slender and conical; 5, oblate; 6, long, thick and conical; 7, trapezoidai; 8, bell-shaped; 9 , flattened. t A, Capsicum annuum; F, C. frutescens; C, C. chinense. 'Mie-Midori' wilt, to confirm their suitability. It will also be important to confirm whether the resistant accessions in this study share the same resistance mechanism as LS2341 and 'Dai-Power'. It is more likely that materials with stronger resistance can be produced if the resistance mechanisms are different. The accessions that were highly resistant to bacterial wilt consisted of 11 C. annuum, 6 C. frutescens, and 1 C. chinense; the moderately resistant accessions consisted of 5 C. annuum, 11 C. frutescens, and 1 C. chinense; and all 6 susceptible accessions were C. annuum. This spread suggests that the ratio of resistant accessions may be relatively high among C. frutescens and C. chinense in Myanmar. The highly resistant accessions had a fruit length ranging from 25.6 to 93.6 mm, a fruit diameter ranging from 8.5 to 25.6 mm, and a range of fruit shapes. This variation suggests that resistance to bacterial wilt is not correlated with fruit size or shape.
In the study of Phytophthora blight, only one Myanmar accession (CM2M-54) was highly resistant. This result suggests that it will be difficult to find new accessions that are resistant to Phytophthora blight. Previous studies revealed several potential breeding sources: Yamakawa et al. (1979) reported that AC2258 (synonym: LS279) was more resistant to Phytophthora blight than No. 10, which was used as a resistant parent to produce 'Beruhomare' and 'Bellmasari'. Ortega et al. (1991) reported that SCM334 was resistant, and Matsunaga et al. (2010a) indicated that SCM334 was more resistant than 'Bellmasari'; therefore, AC2258 and SCM334 are potentially resistant to the strains of Phytophthora blight that infected 'Bellmasari'. Here, CM2M-54 also showed high resistance to Phytophthora blight, although its DI values were higher than those of SCM334 and AC2258. In total, 34 of 40 CM2M-54 plants showed no symptoms in 2 years of testing for resistance to Phytophthora blight (Table 2 ). This indicates that CM2M-54 is a potentially suitable material for breeding resistance to Phytophthora blight.
During the cultivation of Japanese sweet pepper, damage caused by bacterial wilt and Phytophthora blight increased; therefore, we are working hard to develop cultivars with combined resistance to both pathogens using the resistant materials described here. Thus far, materials with combined resistance to both pathogens include 'Pant C-1', 'White Khandari', and 'Dai-Power' (Matsunaga et al., 2010a; Peter et al., 1984) ; however 'Pant C-1' showed low resistance to bacterial wilt in our fields, and 'White Khandari' showed only moderate resistance to Phytophthora blight in our preliminary tests. Therefore, the only material with good combined resistance is 'Dai-Power'. In the present study, CM2M-54 showed moderate resistance to bacterial wilt and high resistance to Phytophthora blight. It may therefore be possible to use this accession to develop new cultivars with combined resistance; however, given the potential for the rapid evolution of resistant strains of both pathogens, it will be necessary to continue screening new materials against the possibility of combined resistance in the future.
